During oscillatory Ca 2+ signals, the agonist-induced enhanced entry of extracellular Ca 2+ plays a critical role in modulating the frequency of the oscillations. Although it was originally assumed that the entry of Ca 2+ under these conditions occurred via the well-known, and apparently ubiquitous, store-operated mechanism, subsequent studies suggested that this was unlikely. It is now known that, in many cell types, a novel noncapacitative Ca 2+ -selective pathway whose activation is dependent on arachidonic acid is responsible, and the channels involved [ARC channels (arachidonate-regulated Ca 2+ channels)] have been characterized.
Introduction
The development of techniques enabling the observation of agonist-induced changes in cytosolic Ca 2+ in individual cells in real time has transformed our understanding of intracellular Ca 2+ signals in non-excitable cells. For the first time, such studies revealed unequivocally that stimulation of cells with physiologically relevant levels of agonists produced Ca 2+ signals in the form of repetitive Ca 2+ transients or oscillations [1, 2] , and the biological importance of such frequency-encoded signals was quickly appreciated [2, 3] . Although the precise basis for agonist-activated Ca 2+ oscillations has been a subject of considerable debate over the years, it seems clear that they essentially reflect the repetitive periodic release of Ca 2+ from intracellular stores. In its simplest form, this can result from the biphasic response of the Ins(1,4,5)P 3 receptors to dynamic changes in [Ca 2+ ] i (intracellular Ca 2+ concentration) [4] , although other processes may also contribute, such as oscillations in the concentration of Ins(1,4,5)P 3 produced by feedback mechanisms on phospholipase C activity [5] . The 'cellular oscillator' can therefore be considered as entirely intrinsic to the cell and there would seem to be no obvious role for Ca 2+ for the oscillations is from internal stores, it seems that in most cell types the actual rate of entry itself does not oscillate [6] [7] [8] [9] , suggesting that it does not directly contribute to the changes in [Ca 2+ ] i observed. Instead, experiments in which the rate of entry is changed indicate that the predominant effect is to influence the frequency of the oscillations [2, [10] [11] [12] [13] . This is true even for those cell types, such as Xenopus oocytes, in which the oscillations continue for some time in the absence of external Ca 2+ [14] . Given this, the apparent marked differences in the responses of cells to removal of external Ca 2+ can be resolved; the effect of entry is simply to modulate oscillation frequency, and in some cells this relationship passes through zero (i.e. there are no oscillations in the absence of entry), whereas in other cells it does not. Importantly, it is now known that many key downstream effectors in the cell are specifically modulated by changes in [Ca 2+ ] i in a frequency-dependent manner [15] [16] [17] . Therefore, although somewhat cryptic, the role of Ca 2+ entry during oscillatory responses is a potentially highly significant one. Of course, none of the above considerations reveal exactly how Ca 2+ entry is acting to modulate oscillation frequency. Before we can attempt to answer this question, it is important to first determine the nature of the Ca 2+ entry under these conditions and how it is regulated by agonist concentration.
The nature of Ca 2+ entry during oscillations
Originally, it was thought that the only type of receptoractivated Ca 2+ entry that existed in non-excitable cells was the so-called store-operated, or capacitative, mechanism in which the entry of Ca 2+ is absolutely dependent on, and subsequent to, the depletion of internal Ca 2+ stores [18, 19] . The channels responsible for this entry are generically described as SOC channels (store-operated Ca 2+ channels), the most thoroughly characterized of which are the so-called CRAC channels (Ca 2+ -release-activated Ca 2+ channels), first described in mast cells and in Jurkat cells [20] [21] [22] . These are small, highly Ca 2+ -selective conductances whose activation is entirely store-dependent. Exactly how this activation is achieved, and the molecular identity of the channels, remains highly controversial.
How might such Ca 2+ entry influence oscillation frequency? Based largely on the known role of store-operated Ca 2+ entry in the refilling of agonist-sensitive stores following their depletion at high agonist concentrations, it was suggested that such entry modulated oscillation frequency by influencing the rate at which the intracellular Ca 2+ stores refill after each oscillatory discharge; the greater the entry, the faster the stores could refill, and the quicker they achieve a state where they could be discharged again [23, 24] . Several simple testable predictions result from such a proposal [25] . Surprisingly, experiments designed to test these failed to indicate any significant effect of Ca 2+ entry on the rate of store refilling during oscillations [8, 13, 26] . The only alternative would therefore seem to be that the entry of Ca 2+ must be affecting the other 'arm' of the Ca 2+ oscillatory process, namely the release of Ca 2+ from the stores. However, it was difficult to conceive how this release process could be modulated by a mode of Ca 2+ entry that was, itself, dependent on Ca 2+ release (i.e. store-operated). In addition, several of the demonstrated properties of CRAC channels are difficult to reconcile with a role in influencing Ca 2+ signals during oscillations. For example, their activation generally requires a rather profound and sustained depletion of the stores and, even then, takes several seconds to complete [27, 28] . As it is known that oscillatory Ca 2+ signals typically involve only a transient and generally partial depletion of internal Ca 2+ stores, it seems unlikely that such channels could be efficiently activated under such conditions.
Together, these findings were instrumental in initiating a search for possible alternative agonist-activated Ca 2+ entry routes in cells. The result was the discovery of a novel mode of entry whose activation was entirely independent of store depletion, and was instead dependent on the receptormediated generation of arachidonic acid [29, 30] . Such arachidonic acid-dependent, non-capacitative Ca 2+ entry was found in several different cell types [29] [30] [31] [32] and the evidence indicated that it was particularly active at low agonist concentrations when oscillatory Ca 2+ signals were generated. The specific role that this arachidonic acid-dependent Ca 2+ entry plays in the regulation of Ca 2+ oscillations was examined first in the exocrine cells of the avian nasal gland [29] , and subsequently in a HEK-293 cell line stably expressing the m3 muscarinic receptor (m3-HEK cells) [30] . In both of these cell types, stimulation with low concentrations of carbachol induces oscillatory Ca 2+ responses that are acutely dependent on the presence of external Ca 2+ . Using these cells, it was shown that selective inhibition of the receptor-activated generation of arachidonic acid eliminated the agonist-stimulated Ca 2+ entry (measured as Mn 2+ quench) and, concomitantly, caused the Ca 2+ oscillations to cease. This was despite the fact that phospholipase C activity and the generation of Ins(1,4,5)P 3 were unaffected. Only when the arachidonic acid-dependent entry of Ca 2+ was restored did the oscillations reappear [29, 30] .
ARC channels (arachidonate-regulated Ca 2+ channels)
The channels responsible for this entry were subsequently identified and named ARC channels [33, 34] . These have now been characterized in some detail and, although superficially similar to the CRAC channels, the evidence clearly demonstrates that they are entirely separate and biophysically distinct entities. Like the store-operated CRAC channels, macroscopic currents through the ARC channels are small, show a marked inward rectification, very positive (> +30 mV) reversal potentials, and inhibition by La 3+ [33] . However, unlike CRAC channels, they do not show any fast inactivation, are not inhibited by reductions in extracellular pH, and are insensitive to 2-aminoethyoxydiphenyl borane [33] [34] [35] . Their sensitivity to Gd 3+ , however, is only slightly less than that reported for CRAC channels [35] . Like CRAC channels and voltage-gated Ca 2+ channels, complete removal of external bivalent cations permits the permeation of monovalent cations through ARC channels. However, the resulting macroscopic Na + /Ca 2+ current ratio is more than twice that seen with CRAC channels [36] . Using the ability of external Ca 2+ to inhibit the monovalent currents as a relative measure of the Ca 2+ selectivity of the channel demonstrates that the ARC channels are indeed highly Ca 2+ -selective; some 50 times more Ca 2+ -selective than CRAC channels [35] . Of course, the most obvious and significant difference is that activation of the ARC channels is absolutely dependent on the generation of arachidonic acid, and is entirely independent of store depletion. This activation is essentially specific to arachidonic acid -it is not seen with saturated fatty acids or mono-unsaturated fatty acids, and other polyunsaturated fatty acids are relatively poor activators of the channel compared with arachidonic acid [35] . Moreover, activation is not dependent on the generation of any metabolite of arachidonic acid, and is achieved at concentrations that are likely to be physiologically relevant (2-8 µM) . Finally, experiments using arachidonyl-CoA, a charged membraneimpermeant analogue, demonstrated that activation of the channel was specifically via an action on the intracellular face of the membrane [35] . Consistent with the Ca 2+ -entry data described above, ARC channels have been found in several different cell types [35] and are therefore prime candidates for the route of non-capacitative, arachidonic acid-dependent entry of Ca 2+ in most, although probably not all, cells. The main exception to this could be smooth muscle cells where the entry of Ca 2+ , both non-capacitative and capacitative, reportedly occurs via non-selective cation channels [37] [38] [39] . Physiologically, the activation of these non-selective channels would result in the depolarization of the cell, and the subsequent activation of voltage-gated Ca 2+ channels which would provide the main source of Ca 2+ entry. Of course, if the ARC channels are to provide the route for the arachidonic acid-dependent non-capacitative Ca 2+ entry that plays such a critical role in the modulation of oscillatory Ca 2+ signals, then they should be activated at the low agonist concentrations that typically generate such signals. This was demonstrated in the m3-HEK cells, where activation of ARC channels was observed at carbachol concentrations as low as 0.2 µM and reached a maximum at around 1 µM [40] . This is precisely the range over which oscillatory Ca 2+ signals are produced (Figure 1) . What, then, does Ca 2+ entry through the ARC channels do to modulate the frequency of agonist-induced Ca 2+ oscillations? The obvious, although not very revealing, answer is that Ca 2+ entry through the ARC channels increases the likelihood that low concentrations of Ins(1,4,5)P 3 will trigger a repetitive release of Ca 2+ from the internal agonist-sensitive stores. Precisely how this is achieved, however, is unclear.
ARC channel and CRAC channel interactions
ARC channels and CRAC (or CRAC-like) channels co-exist in cells, and therefore provide parallel routes for the agonistactivated entry of Ca 2+ . Consistent with the finding that the ARC channels are specifically activated at low agonist concentrations, Ca 2+ entry in intact cells under such conditions (measured as Mn 2+ quench) is entirely dependent on arachidonic acid generation and therefore exclusively via ARC channels [40] . However, entry at high (approximately maximal) agonist concentrations is predominantly via CRAC channels and there is little or no obvious arachidonic aciddependent component. This contradicts the data from wholecell patch-clamp experiments which demonstrate that the macroscopic currents through these two channels are additive [33] . Moreover, the apparent disappearance of ARC channel activity at high agonist concentrations in intact cells is not due to any decline or loss of arachidonic acid generation [40] . Instead, it seems that the sustained elevation in cytosolic Ca 2+ that results from the activation of the CRAC channels simultaneously inhibits the activity of the ARC channels, resulting in a phenomenon we have described as the reciprocal regulation of Ca 2+ entry [40] . The conclusion is that, although ARC channels and CRAC channels co-exist in cells, they are not simply alternative, mutually redundant, routes of Ca 2+ entry. Each plays a unique and non-overlapping role in Ca 2+ signalling. They are separately activated at different levels of agonist stimulation, and serve distinct functions in the overall control of Ca 2+ signals; one modulating the frequency of oscillatory signals, the other determining the amplitude of sustained signals (Figure 2 ). The biological significance and distinct roles of these two modes of Ca 2+ signal are well established. However, in addition, the specific targeting of subsets of effectors via Figure 2 The reciprocal activation of Ca 2+ entry via ARC channels and CRAC (SOC) channels with increasing agonist concentration, and their distinct roles in modulating cytosolic Ca 2+ signals At low agonist concentrations (A), the Ca 2+ signal is in the form of oscillations; entry via ARC channels predominates, and influences the frequency of the oscillations. As agonist concentrations increase (B), Ins(1,4,5)P 3 levels increase and depletion of the stores begins to become more profound and prolonged, resulting in the activation of CRAC (or other SOC) channels and the eventual transition to a sustained elevated Ca 2+ signal (C). In the meantime the sustained increasing levels of cytosolic Ca 2+ act to inhibit the ARC channels so that Ca 2+ entry now becomes predominately via the CRAC channels which influence the amplitude of the sustained Ca 2+ signal. See text (and [40] ) for details.
their direct association with the two channel types could result in the activation of different responses in the cell in a novel, uniquely agonist-concentration-dependent, manner. Such direct effects will reflect the specific and selective activation of these two channel types by different agonist concentrations and will be essentially independent of the nature and magnitude of the overall Ca 2+ signal itself. For example, entry through store-operated channels has been shown to specifically influence the activity of certain Ca 2+ -sensitive adenylate cyclases in cells while ARC-dependent entry in the same cells is without effect [41] . It seems reasonable to conceive that other unique targets may also exist that are specifically coupled to Ca 2+ entry through ARC channels. The demonstration of the presence of these two coexisting pathways within cells, and an appreciation of their unique properties, therefore reveals a potential new layer of complexity and versatility in the types of response that changes in agonist concentration can induce in the cell.
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